Introduction
Since the invention and commercialization of the integrated circuit in the 1960s, the semiconductor industry has unremittingly sought to achieve increasingly complex circuits in smaller areas. 1,2 This has led to the requirement for continuous shrinkage of the minimum lithographic feature size. The International Technology Roadmap for Semiconductors (ITRS) 3 has specied 20 nm DRAM half-pitch (hp) and 14 nm Flash halfpitch as target resist requirements for 2016. Whilst it has been possible to extend current 193 nm photolithography far beyond expectation, to allow sub-30 nm patterning, 4, 5 this has been at the cost of greatly increased complexity of the patterning or post-exposure processing, 6 which dramatically impacts yield and cost. Electron-beam lithography (EBL), traditionally considered to be high-resolution but slow, has primarily found application in the semiconductor industry for the fabrication of reticles. 7 However, as resolution requirements have increased there has been increasing focus on EBL for volume production, with the development of a number of multi-beam and hybrid technologies. [8] [9] [10] [11] Due to the low-throughput, even for multibeam EBL, the sensitivity of e-beam resists is considered a very important factor. For high voltage e-beam exposure, a 50-60 mC cm À2 resist sensitivity requirement has been set out by ITRS, whilst low voltage systems, such as MAPPER, 11 require sensitivities of 30-60 mC cm À2 . 3 It is well known that sub-20 nm resolution can be achieved in positive tone EBL resists. Poly(methyl methacrylate) (PMMA; various suppliers) has sub-10 nm sparse feature resolution with 30 keV electrons using standard developer at low temperature (4 C), 12 and 16 nm half-pitch using 80 keV electrons and an unconventional developer 13 but in both cases requires a relatively high exposure dose (400 and 1200 mC cm À2 respectively). The ZEP series of resists (ZEP-520A, 7000; Nippon Zeon) have demonstrated both sub-20 nm dense feature resolution and high sensitivity, but not simultaneously (e.g. 40 nm half-pitch with 5 keV electrons and a dose of 2.6 mC cm À2 ; 14 or 12 nm halfpitch at 25 keV with a dose of 300 mC cm À2 ). 15 For negative tone resists the situation is worsewith high resolution resists typically requiring huge doses and fast resists failing to achieve high resolution. Hydrogen silsesqioaxene (HSQ) has amongst the highest dense feature resolution of any resist to datesub-5 nm half-pitch. 16 However the dose required is extremely poor (5000 pC cm À1 line dose at 10 keV; 16 area dose of 2500-3000 mC cm À2 at 100 keV). 17 Likewise, calixarene, 18 negative tone PMMA, 19 and polystyrene 20 achieve impressive resolution whilst sacricing speed.
For high-sensitivity negative tone commercial resists such as SU-8 (MicroChem) and AZnLOF 2020 (AZ Electronic Materials) the minimum resolved dense features reported thus far are 70 nm half-pitch 21 and 50 nm half-pitch 22 respectively. A noncommercial epoxy based negative tone high speed resist with 25 nm half-pitch resolution at 38 mC cm À2 sensitivity (at 100 keV) has demonstrated. 21 Chemical amplication (CA), in which a catalytic reaction process is used to amplify the effect of each quantum of radiation, is an efficient approach to enhance resist sensitivity and thus throughput. 23, 24 The major issue for chemically amplied resists (CAR) is to simultaneously satisfy the manufacturing requirements for resolution, line width roughness, and sensitivity (RLS). Although the factors determining the RLS trade-off relationship are still under investigation, 25, 26 it has been shown that CARs based on molecular 27,28 rather than polymeric resists have the potential for lower line width roughness (LWR) 29 and higher resolution while maintaining good sensitivity. We have previously developed a series of chemically amplied e-beam resists based on fullerene derivatives containing polyethyleneglycol side chains, 30, 31 which have shown high sensitivity, high resolution, good LWR and excellent etch durability. 32 However, in common with several other negative tone molecular resist materials [33] [34] [35] it was necessary to use halogenated solvents for spin coating and development that were not acceptable (safe) for commercial use.
In this study we present a new family of phenol based fullerene derivatives, (Irresistible Materials Ltd) including a phenolic methanofullerene IM-MFP12-3 and a tert-butoxycarbonyl (tBOC) group protected derivative IM-MFPT12-2, as well as a longer side-chain version IM-MFPT12-8 ( Fig. 1a ). These materials are compatible with industry-friendly casting solvents such as propylene glycol monomethyl ether (PGME) and ethyl lactate,and developers, such as cyclohexanone, 2-heptanone and n-butyl acetate. The ability to use industrially approved solvents is critical for commercial acceptance. The tBOC protected fullerene derivatives were designed to work as a positive tone CAR by acid induced deprotection of the tBOC labile groups, 36, 37 but were also found to have excellent negative tone performance when combined with an epoxy crosslinker (shown in Fig. 1b , from Huntsman Advanced Materials) and triphenylsulfonium hexauoroantimonate ( Fig. 1c , from Midori Kagaku Co.) as photo-acid generator (PAG). 38 
Experimental

Synthesis of fullerene derivatives
Synthesis of the IM-MFPT12-2, IM-MFPT12-8 and IM-MFP12-3, was achieved via the modied Bingel 39,40 cyclopropanation reaction of a bismalonate ester, with the C 60 , to afford the methanofullerenes. The product of the reaction was puried by ash chromatography on silica gel. The expected structure was conrmed by mass spectrometry. All the reactions were carried out under a nitrogen atmosphere. Chemicals were purchased from Aldrich and used as received. Yields refer to chromatographically pure products. Thin-Layer Chromatography (TLC) was carried out on aluminum sheets coated with silica gel 60 (Merck 5554 mesh). Column chromatography was performed on silica gel 60 (Merck 230-400).
IM-MFPT12-2 (Scheme 1): to a 250 mL round bottom ask was added 4-hydroxybenzyl alcohol (12.4 g, 100 mmol), dichloromethane (100 mL) and di-tert-butyldicarbonate (21.8 g, 100 mmol). The mixture was cooled to 0 C in an ice bath. Potassium carbonate (37 g, 268 mmol) and 18-crown-6 (1.32 g, 5 mmol) dissolved in dichloromethane were added. The resulting mixture was stirred and warmed to room temperature overnight. The crude reaction mixture was ltered through a silica gel plug in a sintered glass funnel and rinsed with ethyl acetate. The resulting solvent was evaporated and the residue was puried via ash column chromatography on silica gel with ethyl acetate-hexane (40%) as eluent. The third fraction was combined and the solvent removed to give 9.8 g (yield: 45%) of 4-(t-butoxycarbonyl)benzyl alcohol 1 as a yellow oil. d H (300 MHz, CDCl 3 ) 1.57 (9 H, s, CH 3 ), 4.56 (2 H, s, CH 2 ), 7.13 (2 H, d, ArH) and 7.32 (2 H, d, ArH). Dichloromethane (50 mL) was added to 1 (2.24 g, 10 mmol) in a 250 mL round bottom ask. To this was added, with stirring, pyridine (1.05 g, 13.3 mmol, 1.33 equiv.) and the solution was cooled to 0 C in an ice bath. Malonyl dichloride (0.49 mL, 5 mmol, in DCM solution) was added dropwise. The initially clear solution became dark red upon complete addition of the malonyl dichloride. The mixture was stirred and warmed up to room temperature overnight, aer which it was dark blue/green in color. The mixture was ltered through a silica gel plug and rinsed through with ethyl acetate. The ltrate was evaporated and the residue was puried via ash column chromatography on silica gel using ethyl acetate as eluent. The fractions were collected and solvent removed to give the t-butoxycarbonyl malonate 2 as yellow-reddish oil (1.73 g, 34% yield). d H (300 MHz, CDCl 3 ) 1.55 (18 H, s, CH 3 ), 3.44 (2 H, s, CH 2 ), 5.14 (4 H, s, CH 2 ), 7.14 (4 H, d, ArH) and 7.35 (4 H, d, ArH). To 1 L round bottom ask, [60] fullerene (0.85 g, 1.2 mmol), 9,10-dimethylancethracene (2.62 g, 13 mmol, 11 equiv.) and toluene (500 mL) were added. The resulting solution was stirred for one hour to completely dissolve the fullerene. Carbon tetrabromide (4.78 g, 13 mmol, 11 equiv.) and 2 (6.6 g, 13 mmol, equiv.) were added to the solution. DBU (8.3 mL, 53.2 mmol) was added dropwise and the resulting mixture was stirred at room temperature overnightthe initial purple solution had was dark red in color. The crude mixture was poured though a silica gel plug in a sintered glass funnel and rinsed with toluene to remove unreacted [60]fullerene. Aer that the plug was rinsed with dichloromethane-ethyl acetate-methanol (2 : 2 : 1) to remove the red/brown band containing the crude products. The ltrate was evaporated and the resulting residue was puried via ash column chromatography with dichloromethane-ethyl acetate-methanol as eluent. (t-Butoxycarbonyl malonate)-methano-[60]fullerene: 3 (1.8 g, dark red/brown oil) was obtained.
IM-MFPT12-8 (Scheme 2): to a 250 mL round bottom ask was added 3-(4-hydroxyphenyl)-1-propanol (10 g, 65.7 mmol), dichloromethane (75 mL) and di-tert-butyldicarbonate (14.36 g, 65.7 mmol). The mixture was stirred and cooled to 0 C in an ice bath. Potassium carbonate (24.37 g, 176 mmol) and 18-crown-6 (0.90 g, 3.4 mmol) dissolved in dichloromethane were added. The resulting mixture was stirred and warmed to room temperature overnight. The crude reaction mixture was ltered through a silica gel and rinsed with ethyl acetate. The resulting solvent was evaporated and the residue was puried via ash column chromatography on silica gel with ethyl acetate-hexane (40%) as eluent. The third fraction was combined and the solvent removed to give 15.7 g (yield: 95%) of 3-(4-t-butoxycarbonyl)phenyl-1-propanol 4 as a yellow oil. d H (300 MHz, CDCl 3 ) 1.55 (9 H, s, CH 3 ), 1.87 (2 H, m, CH 2 ), 2.69 (2 H, t, CH 2 ), 3.65 (2 H, t, CH 2 ), 5.29 (1 H, s, OH), 7.06 (2 H, d, ArH) and 7.19 (2 H, d, ArH). Dichloromethane (275 mL) was added to 4 (13.71 g, 54.4 mmol) in a 500 mL round bottom ask. To this was added, with stirring, pyridine (5.72 g, 72.35 mmol, 1.33 equiv.) and the solution was cooled to 0 C in an ice bath. Malonyl dichloride (2.65 mL, 27.2 mmol, in dichloromethane solution) was added dropwise. The initially clear solution became dark red upon complete addition of the malonyl dichloride. The mixture was stirred and warmed to room temperature overnight, aer time it became dark blue/green in color. The mixture was ltered through silica gel with ethyl acetate. The ltrate was evaporated and the residue was puried via ash column chromatography on silica gel using ethyl acetate as eluent. The fractions were collected and solvent removed to give 3-(4-t-butoxycarbonyl)phenyl-1-propyl malonate 5 as yellow oil (9.56 g, 61% yield fullerene (1 equiv.), 9,10-dimethylancethracene (22 equiv.) and toluene were added. The resulting solution was stirred for one hour to completely dissolve the fullerene. Carbon tetrabromide (22 equiv.) and 5 (22 equiv.) were added to the solution. 1,8-Diazabicyclo [5.4 .0]undec-7-ene (108 equiv.) was added dropwise and the resulting mixture was stirred at room temperature overnight aer which the initial purple solution was a dark red color. The crude mixture was poured though silica gel with toluene to remove unreacted [60]fullerene, and then rinsed with dichloromethane-ethyl acetate-methanol (2 : 2 : 1) to remove the red/brown band containing the crude products. The solvents were evaporated and the resulting residue 
Resist lm preparation
Silicon chips diced from a 100 mm wafer (Rockwood Electronic Materials, n-type, h100i) were used as substrates for all of the samples. Chemicals were purchased from Aldrich except where mentioned, and used as received. The substrates were cleaned with a 15 min ultrasonic wash in acetone followed by 15 min in isopropyl alcohol (IPA). The substrates were subsequently dried with nitrogen before spin coating. The fullerene derivative, crosslinker and PAG were each dissolved in PGME with a 10-20 g l À1 concentration. The resist was then formulated by mixing the three solutions to give a ratio of one part fullerene derivative, two parts crosslinker and one part PAG by weight. By adjusting the concentration of the resist solution as well as the spin speed, a 30-50 nm resist lm was prepared for sensitivity tests while a 20-30 nm lm was spun for high-resolution tests. A 75 C/5 min post-application bake (PAB) was applied aer spin coating.
Lithographic evaluation
An FEI XL30 SFEG eld emission scanning electron microscope with ELPHY Plus pattern generator (Raith GmbH) was used for e-beam exposures. For sensitivity and contrast evaluation, a beam voltage of 20 keV was used to pattern a set of 75 Â 75 mm squares with electron doses ranging from 0.5 mC cm À2 to 500 mC cm À2 . The lm thickness of each square remaining aer development was measured using a surface proler (Dektak 3st Auto). A sigmoid function was used to t the response curve to extract the sensitivity (i.e. dose for the 50% remaining lm thickness) and contrast (the slope of the linear rising portion of the curve). For all high-resolution tests, a 30 keV acceleration voltage was used with $40 pA beam current. Single pixel lines were patterned in these tests and the dosage was described as a line dose (pC cm À1 ).
Various post exposure bake (PEB) conditions were used in this study. Three industry acceptable non-halogenated developers have been evaluated and compared to the monochlorobenzene (MCB) and IPA [1 : 1] developer used in previous studies. The development conditions were dip development for 20 s followed by a rinse in IPA for several seconds unless otherwise described. The LWR was measured using SuMMIT.
Plasma etching
Silicon etching was performed with an Oxford Instruments PlasmaPro NGP80 tool using inductively coupled plasma (ICP) technology. The gas mixture used was either SF 6 /CHF 3 or SF 6 / C 4 F 8 . The process conditions were 15 sccm SF 6 , 50 sccm CHF 3 , 20 W RF power and 200 W ICP power at 15 mT chamber pressure and a temperature of 5 C. Alternative conditions were 25 sccm SF 6 , 30 sccm C 4 F 8 , 20 W RF power and 220 W ICP power. The resist thickness was measured with the surface proler prior to etching and remeasured aer silicon etching. Aerwards the residual resist was stripped with oxygen plasma and the height of the silicon features measured again. The etch rate of the resist material was then calculated from these measurements.
Results and discussions
Sensitivity and contrast evaluation
The response of the resists to electron irradiation was evaluated at 20 keV. Fig. 2a shows the responses of IM-MFP12-3, IM-MFPT12-2 and IM-MFPT12-8 aer exposure and development for 20 s in MCB-IPA [1 : 1]. The sensitivities and contrasts (given in brackets), calculated from the tted curves, were 32 mC cm À2 (1.0), 93 mC cm À2 (1.8) for IM-MFP12-3 and IM-MFPT12-2, respectively. The crosslinking reaction mechanism of the tBOC protected material IM-MFPT12-2 is still under investigation, but we speculate a two-step reaction in which the tBOC protection group is rst removed catalytically by the PAG generated acid, leaving a phenol, which then crosslinks cationically with the epoxy. 38, 41 The additional deprotection step might result in the lower sensitivity and higher contrast of IM-MFPT12-2 compared with IM-MFP12-3.
However, signicant improvement of sensitivity was achieved for the tBOC protected material by using a longer side chain -IM-MFPT12-8. The sensitivity and contrast (given in brackets) of IM-MFPT12-8 were 43 mC cm À2 (1.3) as shown in Fig. 2a . The enhanced sensitivity might due to one or more of several effects. The higher exibility of longer side chain compared with the shorter side chain, might be expected to reduce potential steric hindrance, and has been shown to help improve the crosslinking. 42 Moreover, an increased chain length between the bulky side group and the main chain was also reported to improve the sensitivity of some other polymer based resists due to enhanced acid diffusion. 43 It has also been shown that for chemically amplied resists exposed via high energy techniques (such as electron beam lithography) the ability of the non-PAG components to be deprotonated can have a large effect on sensitivity. 44 In order to evaluate the industrial viability of the resists, a variety of non-halogenated developers have been tested. Fig. 2b shows the responses of IM-MFPT12-8 resist developed in three industrially acceptable negative tone developerscyclohexanone, 2-heptanone and n-butyl acetate and, for comparison, MCB-IPA. All other process conditions for the four samples were identical. The sensitivity and contrast (in brackets) of the resist with cyclohexanone, 2-heptanone and n-butyl-acetate development were 46 mC cm À2 (1.3), 42 mC cm À2 (1.4) , and 42 mC cm À2 (1.4) , respectively, showing no signicant variation in sensitivity or contrast, thus conrming the compatibility of the new resist with industrially friendly developers and casting solvents.
Etch durability
The etch durability of the resist material was determined by performing blanket etch tests on patterned squares of IM-MFPT12-8 as used for the sensitivity measurements. It was evaluated for both SF 6 /CHF 3 and SF 6 /C 4 F 8 mixed mode etch chemistries. As a control, Rohm and Haas SAL601, a highdurability novolac-based conventional resist, was etched as well. For SF 6 /CHF 3 chemistry the resist was etched at a rate of 1.21 nm s À1 resulting in 5.64 : 1 selectivity over silicon while SAL601 had 1.43 nm s À1 etch rate with 4.79 : 1 selectivity. In SF 6 /C 4 F 8 the IM-MFPT12-8 etched at 0.97 nm s À1 with 3.53 : 1 selectivity in contrast to the control, which was removed at a rate of 1.24 nm s À1 with 2.77 : 1 selectivity. The increase in selectivity between the two gas mixtures is caused by the higher silicon etch rate of the SF 6 /CHF 3 gas mix. Comparing the results of the two materials, the fullerene resist shows a higher etch durability over the SAL601 control, which is attributed to its high degree of unsaturation, and conforms with results in previous fullerene based systems. 32 
Resolution evaluation
A series of single pixel lines was patterned at various pitches using a beam voltage of 30 keV to evaluate the resolution capability of the resists. Fig. 3 shows isolated features and $20 nm lines on a 50 nm pitch in the IM-MFPT12-8 resist with doses between 240 and 350 pC cm À1 , using the four developers employed in the previous section. The resist lm thickness was approximately 30 nm in this test and the lines were all clearly resolved without pattern collapse. Table 1 shows the measured feature sizes and LWR (3s) of the various lines in Fig. 3 . Though with $1 nm variation in the values of line width and LWR, the overall performances of the four developers were similar. All the four developers showed the capability of resolving sub-15 nm sparse lines as well as 50 nm pitch semi-dense lines with low LWR. All four developers were seen to fully dissolve the unexposed fullerene at concentrations in excess of 100 g l À1 , whilst residues were seen when dissolving unexposed epoxy at $30 g l À1 for the n-butyl acetate, $50 g l À1 for the 2-heptanone, $80 g l À1 for the MCB-IPA [1 : 1], and not seen for the cyclohexanone. Thus, whilst the interaction of the developers with multicomponent lms is likely to be complex, it can be qualitatively postulated that cyclohexanone is more aggressive than MCB-IPA [1 : 1] and 2-heptanone, whilst n-butyl acetate is the poorest solvent for the epoxy component. The correlation of aggressive solvent with high resolution but reduced pattern quality has been noted elsewhere. 45 Developer temperature and ultrasonic-assisted development have been shown to affect the quality of patterns in polymeric resists. Fig. S1 and S2 in the ESI † show that these techniques do not signicantly affect the processing of this system, although elevated temperature development led to increased substrate residues.
Post-development bake (hardbake) is sometimes applied to resists to improve resolution or etch selectivity. Whilst the etch performance of this material is excellent even without a postdevelopment bake, it is seen (S3 †) that a small reduction in line width and line edge roughness occurs for a 90 C 5 min hardbake, possibly due to evaporation of residual developer. Such processing also improves the post development stability of line widths as shown in S4. † Post development swelling is most likely due to absorption of humidity and the heat treatment may lead to densication or additional crosslinking which reduces the uptake of water.
Dense single pixel lines at pitches from 48 nm down to 36 nm were patterned in IM-MFPT12-8 without PEB and with a 90 C, 1 min PEB, and with MCB-IPA development in both cases, as shown in Fig. 4 . Lines from 48 nm pitch down to 36 nm pitch were clearly resolved both with and without PEB, indicating a low activation energy for this resist. A 20-25 nm thickness lm of IM-MFPT12-8 was used in this test to avoid pattern collapse in the dense patterns. However, such a thin lm also increased LWR compared with the patterns on a 30 nm lm. The exposure dose required for the samples without PEB (240-350 pC cm À1 ) was slightly higher than those with 90 C, 1 min PEB (230-300 pC cm À1 ). The measured LWR (3s) of the lines with various pitch sizes was also shown in Fig. 4 . It was found that above 42 nm pitch, the PEB treated lines had smaller LWR than those without PEB. However, below 42 nm pitch, the LWR values reached a similar level for both two groups. This result indicates that, though the crosslinking happens before PEB, the baking process still helps smoothen the pattern edges as in the cases of some other polymer resists 46 for instance by driving the crosslinking reaction to completion. On the other hand, the PEB process also increases acid diffusion which is particularly disadvantageous at small pitch sizes. 47 In addition, exposure latitude also tends to be narrower with feature size shrink, making the line width and edge roughness more difficult to control, 48 Therefore, the PEB process applied in this test did not effectively improve the LWR for dense lines below 42 nm pitch.
In contrast, the high-sensitivity deproctected derivative, IM-MFP12-3, showed no capability for sub-25 nm half-pitch patterning. However, the best resolution was achieved by mixing IM-MFPT12-2 with IM-MFP12-3. While keeping the 1 : 2 : 1 composition ratio of fullerene derivative, crosslinker and PAG constant, the fullerene derivative was changed to a mixture of 75% of IM-MFPT12-2 and 25% of IM-MFP12-3. As shown in Fig. 5, 16 nm and 15 nm half-pitch dense lines were obtained with line doses of 527 pC cm À1 and 478 pC cm À1 , respectively. Though the roughness was relatively high due to the strong proximity effect for such dense features at 30 keV patterning, there was no obvious bridging or collapse.
Conclusions
A phenol-based fullerene negative tone resist has been presented for next generation e-beam lithography. Chemical amplication was realized by mixing the fullerene derivative with an epoxy crosslinker and a photo-acid generator. The sensitivity of the IM-MFPT12-8 resist under 20 keV electron beam irradiation was measured to be 43 mC cm À2 with monochlorobenzene and isopropyl alcohol developer. Similar sensitivity were achieve with some more industrially preferred developers, specically cyclohexanone (46 mC cm À2 ), 2-heptanone (42 mC cm À2 ) and n-butyl acetate (42 mC cm À2 ). Isolated features down to 13.6 nm line width and dense lines:spaces down to 18 nm half-pitch were achieved in the IM-MFPT12-8 resist under 30 keV electron beam exposure. The lithographic performance of the MFPT12-8 resist therefore exceeds the ITRS target of 20 nm DRAM half-pitch for 2016 in both sensitivity and resolution. The effect of post-exposure bake on the line width roughness was investigated, showing that the post-exposure bake reduces line width roughness at larger pitches. However, for pitches below 42 nm, similar line width roughness was observed with and without post-exposure bake. Finally, dense lines down to 15 nm half-pitch were achieved from a mixed IM-MFPT12-2-IM-MFP12-3 [3 : 1] resist at a slightly higher dose of 478 pC cm À1 , which suggests that a partially deprotected tBOC material is worth further study. Plasma etching shows that this resist has high durability. In summary, this new phenol-based fullerene derivative has shown promising results including high sensitivity and resolution, low line width roughness, high etch resistance and industrial compatibility in processing. Further study is required to investigate the crosslinking mechanism of this novel fullerene derivative with tBOC protecting end groups.
